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(57) ABSTRACT

A method of and/or device for writing to an optical modu-
lator using electromagnetic write beams, the modulator
having a photorefractive converter body 1n which the space-
modulated write beam may induce changes in the refractive
index. An external voltage may be applied to the converter
body. The intensity of the external voltage may be selected
within a voltage range in which the buildup of changes in the
refractive index may be accelerated by an increase in the

charge carrier mobility or charge carrier density.
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NON-LINEAR INCREASE IN
PHOTOSENSITIVITY OF
PHOTOREFRACTIVE MATERIALS

FIELD OF THE INVENTION

The present invention relates to a method and device of
writing to an optical modulator using electromagnetic write
beams, the modulator having a photorefractive converter
body 1n which the space-modulated write beam may induce
changes 1n the refractive index.

RELATED TECHNOLOGY

The photorefractive effect was apparently discovered in
about 1966 in lithium niobate (LiNbQO,) by Ashkin et al. at
Bell Laboratories. Shortly thereafter, the effect was recog-
nized to be usetul for storing volume phase holograms. The
mechanism of the photorefractive effect may be explained as
follows: crystals are illuminated with a light pattern, e.g., the
interference pattern of two laser beams. As a result, charges
are excited 1n the bright areas of the defects 1n the conduc-
tion band or valence band, redistributed, and recaptured
preferentially 1n the darker areas. Space charge patterns are
formed and modulate the refractive index via the electroop-
tic effect. Charge sources and charge traps often may be
transition metal 1ons which occur 1n different valence states.
Diffusion, the volume photovoltaic effect, and drift 1n exter-
nal fields, in space charge fields and pyroelectric fields are
known as drive mechanisms for the charge transfer.

Changes 1n the refractive index can be detected via light
diffraction, for example. For this purpose, plane waves are
brought to interference and sinusoidal phase gratings are
written, on which the light of a read beam 1s diffracted. For
a not excessively thick (i.e., strong) grating, the diffraction
efficiency, 1.¢., the ratio of the intensity of the diffracted light
to that of the incident light, increases proportionally to the
square of the amplitude of the refractive index modulation.
In photorefractive crystals, at the beginning of the write
process the diffraction efficiency i1ncreases proportionally to
the square of time and light intensity. It also increases
proportionally to the square of the sample thickness. A
parameter normalized to time, light intensity, and sample
thickness may be 1ntroduced as sensitivity
(photosensitivity). For practical applications, high sensitiv-
ity values are purportedly desirable in order to achieve high
diffraction efficiencies with a small amount of light, in a
short time, and 1n relatively thin samples.

Two parameters are purportedly decisive for the sensitiv-
ity of photorefractive materials: the saturation value of the
change 1n refractive index and the time constant with which
this saturation value 1s reached. This time constant may be
given by the formula t=e€e,/0, where € 1s the dielectric
constant, €, 1s the dielectric constant of the vacuum, and a
1s the electrical conductivity of the material. Electrical
conductivity, 1n turn, may be given by the formula o=eulN,
where € 1s the elementary charge, u 1s the charge carrier
mobility, and N is the thickness (or density) of the freely
mobile charge carriers. For high sensitivity, time constant T
should be small. Small time constants require high
conductivity, which is achievable via a high sensitivity (i.e.,
mobility) and a high density of the mobile charge carriers.
Optimization of these parameters by selecting a suitable host
crystal and suitable dopants, among other things, may be
available from the related art.

In addition to available applications of photorefractive
crystals in photodetectors which convert light into an elec-
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trical signal, many other applications of photorefractive
crystals 1n the area of optical modulators have been studied.
However, at this time there are still few commercial prod-
ucts. Thus, Bragg wavelength filters have been manufac-
tured for optical communications and astronomy. In
addition, photorefractive gratings have been used to manu-
facture mtegrated optical DBR L1INbO, lasers. Volume holo-
oraphic data storage and optical phase conjugation are
purportedly particularly promising fields of application.

One, thus far, unresolved problem is, however, nsuifi-
cient sensitivity. Two factors contribute to the low sensitivity
of photorefractive crystals. First, only a portion of the
absorbed photons detaches charge carriers from the defects,
while most of the light appears to cause short-time
excitation, but 1s then converted into phonons by non-radiant
recombination. Second, the transfer length of the charges is
small and amounts to only a few nanometers 1n the case of
LiNbO,;. Therefore, a large number of excitations are
required 1n order to transfer charges from bright to dark
areas, typical distances 1n mterference patterns being on the
order of micrometers. Photosensitivity 1s increased when an
clectric field 1s applied. This may be due to the fact that
saturation refractive index changes may be magnified by
external electric fields. Except in the case of great drft
lengths and space charge limitation, however, time constant
T may be barely dependent on the application of an external
clectric field, so that the increase in sensitivity normally
induced by the field 1s insufficient for practical applications
in the above-mentioned areas.

The reference U.S. Pat. No. 5,521,743 purportedly con-
cerns a photodiode 1n which a homogeneous write beam
causes the avalanche effect resulting 1n a non-linear increase
in sensifivity and induces changes in the refractive index
which are caused by thermo-optical effects or by the buildup
of electric space charge fields together with the electro-
optical effect. The changes are detected not electrically as in
the case of the available photodetectors, but optically using
a second light beam.

SUMMARY OF THE INVENTION

An exemplary method of the present invention 1s directed
to writing to an optical modulator using space-modulated
write beams, which may be implementable at a low cost and
allow high sensitivity to be achieved.

An exemplary device of the present invention 1s directed
to 1implementing 1 a device, 1.€., an optical modulator, a
method of writing to an optical modulator using space-
modulated write beams, which may be 1implementable at a
low cost and allow high sensitivity to be achieved.

An additional/alternative exemplary method and/or exem-
plary device of the present invention includes the feature of
the 1ncrease 1n sensitivity of the optical modulator 1llumi-
nated with a light pattern, for example, the 1mage of a mask

or of an interference pattern, by applying a high-intensity
electric field.

An additional/alternative exemplary method and/or exem-
plary device of the present invention may be based on the
principle of deriving the energy required for the buildup of
space charge fields in photorefractive materials not exclu-
sively from light as i1s customarily done, but by using the
clectrical energy of an external voltage and current source
for this purpose. The electric field intensity in this case is
selected to be 1n a range where an increase 1n voltage results
in a shorter time for the buildup of refractive index changes
and thus 1n a smaller time constant t. The field intensity may
be slightly less than the breakthrough field intensity. Thus,




US 6,394,820 B2

3

according an additional/alternative exemplary method and/
or exemplary device of the present invention, electrical
energy may used efficiently mstead of light energy for the
buildup of the required electric space charge fields. The
reduction 1n time constant T may be due to the following
factors.

First, the reduction 1n time constant T may be due to an
increase 1n the charge carrier mobility u 1n strong fields. This
increases photosensitivity, and a space-modulated write
beam may be more efficiently convertible into changes 1n the
refractive index. The term “space modulated” means that
modulation may also take place 1n a two-dimensional sur-
face that 1s perpendicular to the beam’s plane of propagation

(i.c., perpendicular to the propagation direction of the light).

In the case of strong electric fields, the free charge carriers
may be accelerated to the point that they generate secondary
charge carriers via impact ionization (“avalanche effect”).
As a result, charge carrier density N may 1ncrease, conduc-
fivity o may become higher, time constant T may decrease,
and photosensitivity may increase.

In an additional/alternative exemplary embodiment and/
or exemplary method of the present invention, the voltage
may be increased to the point that 1llumination with light
induces electric breakthrough. The field intensity above
which electric breakthrough occurs may be varied via the
illumination. Thus, for example, breakthrough may be selec-
tively caused to occur 1n bright areas, while breakthrough
may be prevented from occurring i dark areas, or vice
versa. If the mtensity of the electric field applied 1s carefully
selected, this effect can cause a reduction 1n time constant T
and thus an 1ncrease 1n photosensitivity.

In an alternative/additional exemplary embodiment and/
or exemplary method, the space charge pattern generated by
light may be enhanced by applying a subsequent external
clectric field. If a space charge field has already been written
and a homogeneous external electric field 1s additionally
applied, electric breakthrough and high current may occur
first where the two fields additively overlap, 1.e., have the
same polarity. In this way, by applying a secondary electric
field, the space charge pattern and thus the changes in
refractive index may be considerably enhanced. This may
also result 1n a non-linear increase 1n photosensitivity. The
fime constant of the buildup of the refractive index pattern
after writing 1s inflnite, since no increase in the effect 1s
taking place, and therefore may be reduced considerably by
external fields 1f the above-described effect occurs.

The use of non-homogeneous light patterns may be useful
for numerous applications. Thus, 1lluminating a mask with a
homogenecous light pattern and 1maging the mask onto the
converter (pump wave) may produce space-modulated
changes in the refractive index. Illuminating the modulator
with a laser beam of a different wavelength (test wave)
results 1n this light beam being space modulated. In addition
to 1tensity modulation, the phase or the polarization of the
test wave may be affected. Using an interferometer or a
polarizer, such a space modulation of a test wave 1s con-
vertible 1nto intensity modulation of the test wave. The
above-described converter may be used for converting
images present as incoherent light into coherent images.
Coherent 1mages may allow far more optical 1image process-
ing methods to be used than do incoherent images. Another
application may be wavelength conversion: a light signal
present at one wavelength 1s converted into a signal of
another wavelength. The “pump light” may be an X-ray, for
example, while the “test light” may be visible light.

In an additional/alternative exemplary embodiment and/
or exemplary method of the present invention, interference
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of two plane waves may result in a light grating having
cosinusoldal light distribution. The resulting refractive index
pattern may be used for diffracting one of the two light
beams. In addition, light of another wavelength may be
diffracted 1f the Bragg condition 1s fulfilled. A grating
written using visible transmitted light may function as a
mirror for infrared light 1n reflection geometry, which,
however, only reflects light of specific wavelengths. Com-
ponents of this type may be useful for telecommunication,
¢.g., for “wavelength multiplexing” for increasing the trans-

mission capacity of glass fibers.

An alternative/additional exemplary embodiment and/or
exemplary method of the present mvention concerns the
“optical transistor.” Transfer of charges may cause a shift in
space of the refractive index pattern produced with respect
to the light pattern. However, 1f the converter 1s 1lluminated
with two plane waves, an interference effect takes place
downstream from the converter. There are two light beams
downstream from the sample 1n either direction: the trans-
mitted component of one light beam and the diffracted
component of the other. The interference of these light
beams may increase the intensity of one beam at the expense
of the other beam. This effect, known as “beam coupling,”
allows the intensity of time-variable weak signals to be
amplified. If 1n this application one of the plane light waves
is replaced by an intensity-modulated light wave (image
information), the entire image may be enhanced.

An alternative/additional exemplary embodiment and/or
exemplary method of the present invention concerns appli-
cation 1n holography. The recorded interference pattern of
two light beams may be considered a “hologram.” In
ogeneral, the “object wave” or “signal wave” carries infor-
mation. A second wave, the “reference wave,” may often be
shaped as a spherical wave or a plane wave. Subsequent
illumination of the hologram with the reference wave may
produce the original signal wave by diffraction. However,
the unchanged reference wave with the same wavelength
and the same direction of incidence must be used.
Otherwise, diffraction 1s weak or, in the case of “thick”
holograms, may not occur at all. The reason for this 1s that
diffraction can require the Bragg condition to be fulfilled.
Often multiple holograms may be received in the converter,
so for this purpose the reference wave 1s slightly changed
from one hologram to the other. For example, varying the
angle of incidence may be sufficient to have multiple holo-
ograms overlap 1n a volume. These may then be read out
consecutively. In this way, high capacity, high read rate data
storage devices are implementable.

In an alternative/additional exemplary embodiment and/
or exemplary method of the present invention, instead of the
above-described data reconstruction, data may also be com-
pared. In a correlator, the stored hologram may be 1llumi-
nated not with the reference light, but with the signal light.
If the signal coincides with the stored data, the reference
wave 1s reconstructed. Then, using the intensity of this wave,
the degree of coincidence, 1.e., the correlation between
stored and current image, may be established. This concept
may be used, for example, for image and pattern recognition.
The converter body may be then illuminated with an inter-
ference pattern that causes changes 1n the refractive index to
record a hologram, the changes 1n refractive imndex being
non-linearly amplified by applying a high-intensity external
electric field.

Exemplary embodiment(s) and/or exemplary method(s)
of the present invention may also be used for converting an
image from one light wave to another light wave, using a
converter body whose optical properties are modified when
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illuminated with a wave. These modifications may be ampli-
fied by applying a strong external electric field, and detected
using the second wave.

The applications described as examples are based on
illuminating the converter with a light pattern. The common
feature of all applications 1s that by applying strong electric
fields the time constant of the changes 1n refractive index

buildup may be reduced and thus photosensitivity may be
enhanced.

Another exemplary method may be directed to writing to
an optical modulator using electromagnetic write beams, the
modulator having a photorefractive converter body 1n which
the space-modulated write beam induces changes i the
refractive 1ndex, wherein an external voltage 1s applied to
the converter body, the intensity of the external voltage
being selected within a voltage range 1n which the buildup
of changes 1n the refractive index i1s accelerated by an
increase 1n the charge carrier mobility or charge carrier
density. A further exemplary method may include that the
converter body 1s written to using a write beam of non-
homogeneous 1mtensity which forms a flat or spatial light
pattern within the converter body, the light pattern producing,
a refractive index pattern. A further exemplary method may
include that a voltage whose 1ntensity is slightly less than the
breakthrough voltage of the converter body 1s applied to the
converter body. A further exemplary method may include
that field intensities of more than 1 kV/cm, in particular up
to 500 kV/cm, are applied to generate the voltage. A further
exemplary method may include that the non-homogeneity of
the write beam 1s produced by a mask which 1s placed 1n the
beam path between a beam source emitting the write beam
and the converter body. A further exemplary method may
include that the mask produces the non-homogeneity by
diffraction, refraction, and/or reflection of the write beam. A
further exemplary method may include that the non-
homogeneity of the write beam writes a hologram into the
converter body, which 1s generated by interference of a write
beam with a second beam within the converter body. A
further exemplary method may include that wheremn the
converter body written to using the hologram is 1lluminated
with a read beam which 1s space modulated by the pattern,
in particular 1n 1ts phase, intensity, and/or polarization. A
further exemplary method may include that the space modu-
lation of the read beam 1s converted 1n particular by an
interferometer or a polarizer into an 1ntensity modulation. A
further exemplary method may include that the hologram is
illuminated with a read beam whose wavelength differs from
that of the write beam, the Brage condition being fulfilled.
A further exemplary method may mclude that the modulator
1s 1lluminated with two interfering write beams which gen-
erate a light pattern and thus also a refraction pattern in the
converter body, and they are diffracted on the refraction
pattern so that one of the write beams 1s amplified at the
expense of the other write beam (“optical transistor”). A
further exemplary method may include that one of the light
waves has intensity modulation and thus carries 1mage
information. A further exemplary method may include that
the modulator has a photorefractive oxide crystal, a photo-
refractive semiconductor crystal, or a photorefractive poly-
mer. Exemplary device(s) for the present invention may
include a device for implementing the method according to
any of the aforementioned exemplary method(s).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the increase 1n sensifivity as a function of
the voltage.

FIGS. 2a and 2b show the 1llumination of a converter with
a light pattern.

FIGS. 3a and 3b show an exemplary application.
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6
DETAILED DESCRIPTION OF THE DRAWINGS

FIG. 1 shows, mn a diagram, an example of how photo-
sensifivity S increases as a function of the intensity of the
electric field applied to the converter. The curve begins with
a linear area known as “ohmic area” 1. Here S still increases
linearly with the field intensity, since S 1s influenced by the
changes 1n saturation refractive index. However, if electric
fields of sufficient intensity are applied for the charge carrier
mobility or the density of free charge carriers to be consid-
erably increased, photosensitivity begins to increase particu-
larly rapidly (superlinearly) 2. At very high field intensities,

breakthrough finally occurs 3. The breakthrough field inten-
sity depends on the illumination conditions (arrow 4).

As described above, space-modulated 1llumination may
induce breakthrough selectively 1n the bright or dark areas.
The extremely strong currents which flow 1n this case result
in quick space charge pattern buildup and thus rapid
(compared to the increase in the external electric field),
non-linear increase in photosensitivity S. If an electric space
charge field 1s already present, as described, an additional
external electric field may be used to induce breakthrough
selectively 1n those areas where the two fields have the same
polarity.

FIG. 2 schematically shows how a converter 5 may be
illuminated with a non-homogeneous light distribution. One
option 1s the 1llumination of a mask 6 with homogeneous
light 7 and subsequent 1imaging of mask 6 on converter 5
(Figure a). In this case the image of mask 6 is projected on
converter 5 using a lens 8. A voltage 9 1s applied to converter
5. Instead of the single light beam 7 having a well-defined
direction, light beams from different directions may strike
converter 5 simultaneously.

As an alternative, two or more coherent waves 10 may
overlap 1n the area of converter 5. An intensity pattern 1s
formed due to interference (Figure b).

FIG. 3 shows an exemplary embodiment of the practical
application of the method. Electrodes 12 are applied to a
photorefractive material 11, for example, a photorefractive
oxide crystal, a photorefractive semiconductor crystal, or a
photorefractive polymer. A high voltage 14 1s applied to one
clectrode 12a; the other electrode 12b 1s grounded. Then
sample 11 1s 1lluminated with two interfering light beams 13,
which overlap within sample 11. Depending on the surface
through which light beams 13 enter photorefractive material
11, a distinction is made between transmission (FIG. 3a) and
reflection (FIG. 3b) geometries. The interference pattern is
converted by the photorefractive effect into a charge pattern,
field pattern, and thus refractive index pattern. One or more
of the above-described effects result in a non-linear increase
in photosensitivity S with respect to the external electric

field.

The arrangements shown in FIG. 3 may be used for the
optical amplification of weak light beams at the expense of
the second light beam (“optical transistor,” “two-beam
coupling™), but also for the amplification of entire images.
Additional applications may mclude holographic storage of
images or the comparison of two 1mages, the construction
shown 1n FIG. 3 1n this case representing part of an optical
correlator.

What 1s claimed 1s:

1. A method of writing to an optical modulator using
clectromagnetic write beams, comprising:

providing the modulator having a photorefractive con-
verter body;

providing at least two coherent write beams to induce
changes 1n a refractive index of the converter body;
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applying an external voltage to the converter body,

where the external voltage 1s selected within a voltage
range 1n which a buildup of changes in the refractive
index 1s accelerated by an increase 1n at least one of a
charge carrier mobility and a charge carrier density.

2. The method of claim 1, wherein at least one of the at
least two coherent write beams 1s of non-homogeneous
intensity and forms one of a flat and a spatial light pattern
within the converter body, the light pattern producing a
refractive index pattern.

3. The method of claim 1, wherein the external voltage 1s
slightly less than a breakthrough voltage of the converter
body.

4. The method of claim 3, further comprising applying a
homogenecous electric field having a field intensity of more
than 1 kV/cm to generate the external voltage.

5. The method of claim 3, further comprising applying a
field intensity in a range of greater than 1 kV/cm and lesser
or equal to 500 kV/cm to generate the external voltage.

6. The method of claim 1, further comprising placing a
mask 1 a beam path between a beam source emitting at least
one of the at least two write beams and the converter body,
wherein a non-homogeneity of at least one of the at least two
write beams 1s produced by the mask.

7. The method of claim 6, wherein the mask produces the
non-homogeneity by at least one of diffraction, refraction,
and reflection of at least one of the at least two write beams.

8. The method of claim 1, further comprising writing a
hologram 1into the converter body by a non-homogeneity
which 1s generated by interference of the at least two write
beams.

9. The method of claim 8, further comprising;:

writing to the converter body using the hologram; and

illuminating the converter body with a read beam which
1s space modulated 1n at least one of 1ts phase, intensity,
and polarization.

10. The method of claim 9, further comprising converting
the space modulation of the read beam by one of an
interferometer and a polarizer mnto an intensity modulation.

11. The method of claim 8, further comprising 1lluminat-
ing the hologram with a read beam whose wavelength differs
from that of the at least two write beams, the Bragg
condition being fulfilled.
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12. The method of claim 1, wherein the modulator has one
of a photorefractive oxide crystal, a photorefractive semi-
conductor crystal, and a photorefractive polymer.

13. A method of writing to an optical modulator using
clectromagnetic write beams, comprising:

providing the modulator having a photorefractive con-
verter body;

illuminating the modulator with two interfering write
beams which generate a light pattern and a refraction
pattern 1n the converter body, and induce changes 1n a
refractive index of the converter body;

diffracting the two interfering write beams on the refrac-
fion pattern so that one of the two write beams i1s
amplified at the expense of the respective other write
beam; and

applying an external voltage to the converter body,

wheremn an intensity of the external voltage 1s selected
within a voltage range 1n which a buildup of changes 1n
the refractive 1ndex 1s accelerated by an increase 1n at
least one of a charge carrier mobility and a charge
carrier density.

14. The method of claim 13, wherein at least one of the
two write beams has intensity modulation and thus carries
image nformation.

15. A device for writing to an optical modulator, com-
prising:

the optical modulator having a photorefractive converter

body;

at least two coherent write beams 1inducing changes 1n a
refractive index of the photorefractive converter body;

an external voltage applicable to the photorefractive con-
verter body,

wherein the external voltage 1s selected within a voltage
range so that a buildup of changes in the refractive
index 1s accelerated by an increase 1n one of a charge
carrier mobility and a charge carrier density.

16. The device of claim 15 wherein the external voltage
has an intensity slightly less than a breakthrough voltage of
the converter body, and a field intensity in a range between
orecater than 1 kV/cm and less than or equal to 500 kV/cm
1s applied to generate the external voltage.
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